Background: Recent research has suggested an important role of lateral prefrontal cortex (lPFC) in consistent implementation of positive health behaviors and avoidance of negative health behaviors. Methods: We examined whether gray matter volume in the lPFC prospectively predicts exercise class attendance among older women (n = 122) who underwent either a 52-week or 26-week exercise training intervention. Structural magnetic resonance imaging determined gray matter volume at baseline. Results: Independent of intracranial volume, age, education, body composition, mobility, depressive symptoms, and general cognitive functioning, larger lPFC volume predicted greater exercise class attendance (all p values < .05). Follow-up whole-brain analyses further confirmed that regions in the lPFC-especially the left middle frontal gyrus (p < .005)-predicted future exercise adherence as well as identified other regions, especially in the insula and temporal cortex, that predicted exercise adherence. Conclusions: These findings suggest that sustained engagement in exercise training might rely in part on functions of the lPFC and that lPFC volume might be a reasonable proxy for such functions.
Engaging in regular exercise imparts numerous benefits for older adults, including reduced dementia risk (1, 2) , improved cardiovascular health and superior physical functioning (3) . However, faithful adherence to exercise training programs may be a necessary precondition for such benefits to be fully realized, and unfortunately, many older adults do not adhere to exercise recommendations. One study observed that only 25% of older adults adhered to exercise training following a structured aerobic walking program (4) . Examining the individual factors that predict adherence to such training programs will help identify whom might need additional support for exercise and will enhance our understanding of the basic factors underlying exercise adherence. In turn, this knowledge may be used to develop novel strategies to promote regular exercise among sedentary older adults.
Previous research has suggested that a variety of factors contribute to exercise adherence in older adults, including the presence of health conditions, physical functioning, exercise history, socioeconomic status, and depressive symptoms, among others (5, 6) . More recent research and theorizing have begun to examine whether features of the brain might be predictive of behavior change and maintenance of positive health behaviors over time, including adherence to exercise (7) (8) (9) . One region of the brain that might be important for exercise adherence is the lateral prefrontal cortex (lPFC). Converging evidence indicates that lPFC is involved in various topdown control behaviors, including response inhibition (10) , modulation of reward signals (11, 12) , and flexible behavioral control, in which decisions are made upon simulating the future outcomes of opposing actions (13) . There is a link between gray matter volume and activation in lPFC (14, 15) , and others have demonstrated a link between larger lPFC volume and delay of gratification (16) , higher levels of conscientiousness (17) , and better performance on executive function tasks (18) . Thus, lPFC volume might be an important predictor of positive health behavior.
Engagement in positive health behaviors, including exercise, likely benefits from an ability to delay gratification, higher conscientiousness, and various aspects of executive function. By its very nature, physical activity requires scheduling, forgoing competing activities (eg, sedentary screen time), and enduring subtle costs (ie, time, inconvenience) that loom large at the time that individuals make discrete decisions about whether or not to exercise. The ability to maintain physical activity goals, plans, and schedules in an online state is enabled by working memory; the ability to prioritize physical activity over more appealing alternatives requires inhibition of actions and cognitions that facilitate these competing behaviors; and finally, the ability to cope flexibly with changing circumstances in a dynamic real-world environment requires mental flexibility. Working memory, inhibition, and mental flexibility are all core components of executive function (19) , and the brain networks that support executive function have important nodes in the prefrontal cortex (20) . For these reasons, the integrity of the executive control network may be pivotal for ensuring adherence to repeated bouts of physical activity over extended periods of time (9) . In support of this idea, older adults with better executive functioning show better exercise adherence than their peers with poorer executive functioning (21) (22) (23) . It is plausible that individuals with larger lPFC volume might better adhere to an exercise-training program due to an enhanced ability to exert top-down control and utilize other aspects of executive function; however, this remains an open question. Thus, in the current study, we used structural magnetic resonance imaging (MRI) data to quantify gray matter volume in the lPFC to predict future exercise class attendance among older women, using data from two previous exercise training studies (24, 25) .
Methods
Data come from two previously published randomized controlled trials (RCTs). The POWER study (clinicaltrials.gov identifier: NCT00426881) consisted of a 52-week, single-blinded RCT of older women with intact cognitive functioning. The EXCEL study (clinicaltrials.gov identifier: NCT00958867) consisted of a 26-week, single-blinded RCT of older women with probable mild cognitive impairment (25) . For both trials, ethical approval was obtained from the Vancouver Coastal Health Research Institute and the University of British Columbia's Clinical Research Ethics Board. All participants provided written informed consent.
Participants
In both trials, participants lived independently in the community (Vancouver, British Columbia), had acceptable visual acuity with or without corrective lenses, and spoke English fluently. Also in both trials, potential participants were excluded if they had a medical condition contraindicating physical exercise, had participated in exercise training in the past 6 months, had a neurodegenerative disease, stroke, or depression, or were receiving estrogen or testosterone therapy. Table 1 compares the characteristics of the MRI sample to the non-MRI sample, which shows that the samples were similar on all variables with the exception of depressive symptoms (lower in the MRI sample) and baseline selfreported physical activity (higher in the MRI sample).
POWER sample

Exercise Interventions
In both RCTs, certified fitness instructors led exercise classes, which were 60 minutes long, with a 10-minute warm-up and 10-minute cool down. To reduce expectancy effects, all exercise conditions focused on engaging in physical exercise to improve physical health and functioning. Attendance was recorded at each class. Class attendance and participation was encouraged throughout the program and for each exercise condition. As examples, participants received newsletters featuring personal accomplishments, follow-up contacts when missing two consecutive classes without a reason, and support for overcoming barriers to participation.
POWER sample
Participants were randomized into once-weekly resistance training (1 × RT; n = 33), twice-weekly resistance training (2 × RT; n = 26), or twice-weekly balance-and-tone training (BAT; n = 25). Both RT programs implemented a progressive, high intensity protocol using Keiser pressurized air system and free weights. Non-machine-or weight-based exercises included mini-squats, mini-lunges, and lunge walks. The BAT program used stretching, range-of-motion, corestrength, balance, and relaxation exercises. Only body weight was used, with no additional loading. In the original study, this group served as a control to factors secondary to study participation, such as dedication to an exercise program and socialization, by matching the twice-weekly RT condition for in-person contact.
EXCEL sample
Participants were randomized to one of the three twice-weekly exercise groups: RT (n = 13), aerobic training (AT; n = 14), or BAT (n = 12). The BAT and RT conditions were very similar to the ones used in the POWER study. The AT condition involved outdoor walking. The walking intensity increased from approximately 40% of the participant's heart rate reserve and progressed to 70%-80% heart rate reserve.
Structural MRI Data Acquisition, Data Processing, and Analysis
In both studies, eligible participants completed MRI scanning at the UBC MRI Research Centre on a 3.0T Intera Achieva MRI scanner (Philips Medical Systems Canada, Markham, Ontario, Canada) using the same acquisition parameters. The T1 images were acquired using the following parameters: 170 slices (1 mm thick), repetition time (TR) of 7.7 ms, echo time (TE) of 3.6 ms, flip angle (FA) of 8°, field of view (FoV) of 256 mm, acquisition matrix of 256 × 200 Cortical reconstruction and brain volumetric segmentation were performed using the FreeSurfer image analysis suite (version 5.3.0), which uses an automated labeling system based on probabilistic information from a manually labeled training set (26, 27) . Data processing included skull stripping, Talairach transformation, atlas registration, and brain parcellation. We examined three regions of the lPFC: the middle frontal gyrus (MFG; comprised of caudal and rostral divisions); inferior frontal gyrus (IFG; comprised of the pars opercularis, pars triangularis, and pars orbitalis, and contains ventrolateral prefrontal cortex); and lateral orbitofrontal cortex (lOFC). Overall lPFC volume was computed by summing the MFG, IFG, and lOFC. Detailed anatomic definitions for these regions can be found in Desikan and colleagues (27) . Left and right hemispheric volumes were combined. All subjects underwent manual checking following the automated segmentation; manual edits occurred in a small number of participants (~2%).
Statistical Analyses
We anticipated that the effect size between brain volume and exercise adherence would be modest (bivariate r = .20 to .25). Thus, inferential statistical analyses were only run on the combined POWER and EXCEL samples (n = 122). This sample provided 81% power to detect r = .25 with a two-sided alpha = .05 as computed using G*Power 3.1 (28) . The primary analyses used robust linear mixedeffects models (LMMs) using the statistical package "robustlmm" (version 1.8) in R (version 3.2.3). Robust LMM applies robustness weights to influential observations to guard against bias related to departures from normality in the residuals. The default settings were used, which entail a smoothed Huber function with tuning parameter k = 1.345 and s = 10. Exercise group and study (POWER vs EXCEL) were entered as random effects to account for the fact that participants were nested in exercise group, which in turn was nested in study. In each model, brain volume and other covariates were entered as fixed effects; the outcome was exercise adherence as expressed as percent of exercise classes attended. In minimally adjusted models, the covariates included intracranial volume and age. In fully adjusted models, we additionally included educational attainment (greater than high school education vs high school or less), waist-to-hip ratio, timed-up-and-go performance, an objective measure of mobility (29) , Montreal Cognitive Assessment score, a measure of general cognitive function (30), Geriatric Depression Scale, a measure of depressive symptoms (31) , and the Physical Activity Scale for the Elderly (32), a self-report measure of physical activity. We conducted two sets of sensitivity analyses within the primary statistical framework. First, we treated study as a fixed effect (as opposed to random effect). Second, we repeated the above analyses after excluding 10 individuals who attended less than 20% of the exercise classes.
Two sets of follow-up, whole-brain analyses were conducted to identify all brain regions (including the lPFC) that predict exercise adherence. First, gray matter volume from all cortical and subcortical brain regions was entered simultaneously into an elastic net regression model predicting exercise adherence. This was done using the statistical package "Glmnet" (version 2.0-2) in R, which implements regularization procedures to the estimated coefficients to address the problem of having numerous correlated predictor variables (33), as is the case when using many brain regions as predictor variables. Glmnet requires the user to set two parameters related to the penalty: (i) Alpha was set at .5 to represent a mixture of least absolute shrinkage and selection operator (lasso) and ridge regression models.
(ii) Lambda was determined using leave-one-out cross-validation to minimize misclassification error. Eighty-six gray matter regions were included as predictors and covariates (study, intracranial volume, age, timed-up-and-go, Geriatric depression score, and Physical Activity Scale for the Elderly) were included but not subjected to the elastic net penalty. The brain volume variables were standardized (M = 0, SD = 1) prior to analysis so that the resulting coefficient values could be compared. Second, we used Freesurfer's Query, Design, Estimate, Contrast interface to conduct vertex-wise analyses across the cortex. Cortical maps were smoothed using a 10-mm full width at half maximum Gaussian kernel, and the design matrix was specified as different offsets, different slopes. Study (EXCEL vs POWER) was included as a fixed factors and intracranial volume, age, timedup-and-go, Geriatric depression score, and Physical Activity Scale for the Elderly were included as nuisance factors. Images were thresholded using an uncorrected p value < .005. To visualize, significant clusters were overlaid on semi-inflated cortical surfaces.
Results
MRI data from three POWER study participants and from two EXCEL study participants were not of sufficient quality to be included in the primary analyses. Four were due to poor image quality and one due to a previous stroke. Two additional POWER participants could not be included due to missing data for the covariates. Descriptive statistics for all study variables can be found in Table 1 . Average exercise class attendance was 69% (range: 1%-98%) for the POWER study and 60% (range: 0%-100%) for the EXCEL study. Class attendance did not differ by exercise group for either study (p > .26), but was higher for the POWER study overall (p = .041). The two samples differed in other ways as well, including in age, baseline Montreal Cognitive Assessment, timed-up-and-go scores, and volume of the lPFC and subregions. Details can be found in Table 1 . Table 2 summarizes the estimates for each brain region predicting exercise class attendance. The primary analysis involving overall lPFC revealed that larger gray matter volume in this region predicted greater adherence to the exercise training programs (estimate = 0.87, 95% CI: 0.20, 1.54). A 1-SD increase in lPFC volume (6.6 cm 3 ) would translate in an expected increase in exercise adherence of 6 percentage points, from 66% class attendance to 72% class attendance. This relationship was minimally attenuated when controlling for education, waist-to-hip ratio, mobility, depression, general cognitive functioning, and self-reported physical activity levels at baseline (estimate = 0.88, 95% CI: 0.17, 1.58). Treating exercise study as a fixed effect and then examining whether study (POWER vs EXCEL) interacted with brain volume to predict adherence demonstrated nonsignificant interaction effects (see Supplementary Table 2 for analyses stratified by study group). The association between lPFC and adherence was also similar when controlling for study as a fixed effect (estimate = 0.88, 95% CI: 0.20, 1.57). Removing individuals with less than 20% exercise adherence slightly attenuated these results (estimate = 0.67, 95% CI: 0.13, 1.21).
Lateral PFC-Specific Analyses
Analysis of the lPFC subregions showed that the relationship between gray matter volume and exercise adherence was evident in the MFG and lOFC, and to a lesser degree, in the IFG (see Table 2 for details). Consistent with overall lPFC volume, these associations were largely unaffected when controlling for education, waist-to-hip ratio, mobility, depression, general cognitive functioning, and selfreported physical activity levels at baseline. Also consistent with overall lPFC, there was no evidence that the associations differed significantly between POWER and EXCEL studies (see Supplementary  Table 2 for details).
Whole-Brain Analyses
The elastic net regression results are detailed in Table 3 , which show how many percentage points adherence was predicted to change with every 1-SD increase in volume in each brain region. Eleven brain regions were identified; the majority had positive coefficients (7 out of 11), suggesting that larger gray matter volume predicted greater exercise adherence, after adjusting for the covariates. Two lPFC regions were identified: left rostral middle frontal (part of the MFG) and left pars orbitalis (part of the IFG). Left rostral middle frontal volume was the third largest positive predictor and left pars orbitalis was the fourth largest positive predictor. Additional notable regions selected were left insula and right middle temporal volume (positive predictor of adherence) and right temporal pole (negative predictor of adherence).
The results of the vertex-wise analyses are detailed in Table 4 , with visualizations of the clusters shown in Figure 1 . Similar to the elastic net analyses, clusters in several brain regions were identified including within lPFC -especially left middle frontal and left orbitofrontal cortex. Additionally, several regions within the left and right temporal lobe were identified. All clusters were positively associated with exercise adherence. Whole-brain analyses with minimal covariates-study, age, and intracranial volume-can be found in Supplementary Tables 3 and  4 , which replicate the pattern of findings in the fully adjusted analyses.
Discussion
The current study identified gray matter volume in the lPFC as a predictor of future exercise class attendance in older women. Importantly, this association was independent of physical and psychological variables that potentially could affect adherence to exercise training, including mobility, mood, habitual physical activity, and general cognitive function at baseline. Thus, in line with previous research (8, 34) , the present study suggests that individual differences in the brain can provide predictive value regarding future health behavior beyond that provided by traditional physical or psychological variables. Note: CI = confidence interval. Recent unpublished research by Gujral and colleagues (35) identified several gray matter regions throughout the cortex, including regions of the prefrontal cortex, that predicted future exercise adherence independent of physical and psychological variables. In conjunction with our current whole-brain analyses, these findings suggest that although lPFC is an important region to exercise adherence, it is likely that exercise adherence is facilitated by the functions of various cortical and subcortical regions.
Suboptimal lPFC functioning might lead to more rigid and impulsive behavior based on habit and the availability of immediate rewards. This notion is supported by previous neuroimaging studies. A previous structural MRI study showed that lPFC volume, but not medial PFC volume, predicted the ability to delay gratification among a cross-section of healthy adults (16) . Functional MRI studies have shown that lPFC activity is intrinsically increased during successful self-control-for example, choosing healthy foods over unhealthy foods (11)-and can be increased extrinsically by having individuals focus on the negative long-term outcomes of a negative health behavior (eg, smoking) instead of on the immediate pleasurable features of that same behavior (12) , focus on the healthiness of a given food instead of the tastiness (36), or by having individuals place psychological distance between oneself and palatable foods (37) . lPFC might be especially important because of its functional connection to the ventromedial PFC, a region implicated in signaling the value of stimuli (38) . Specifically, through its functional connection to the ventromedial PFC, lPFC activity might increase the weighting of certain stimulus properties in the value signal represented in the ventromedial PFC (39) . This would allow for certain properties to be emphasized (eg, the positive effects that exercise has on mobility and strength) and others to be de-emphasized (eg, the discomfort associated with lactic acid buildup). Relatedly, the lPFC might modulate the mesolimbic reward pathway through this functional connection with the ventromedial PFC (12), resulting in reduced cravings for a negative health behavior (eg, smoking cigarettes or eating unhealthy foods).
Limitations of the current study include the relatively homogenous study sample (ie, all female sample), heterogeneity in the exercise class content/duration, and the lack of functional MRI data directly probing top-down control in the lPFC. Nevertheless, our results are an important contribution to the burgeoning field of health neuroscience (7), which seeks to understand the bidirectional connections between health behavior and brain structure and function.
In addition to potentially identifying noncompliant participants, these findings may suggest novel strategies for improving exercise participation among older women. Although the interventions described herein included some external support to promote adherence (eg, contact following missing two consecutive classes; periodic newsletters highlighting participant achievements), additional strategies might be warranted. As an example, if indeed inconsistencies in exercise adherence reflect suboptimal top-down behavioral control and an inability to delay gratification (12, 40) , then frequent external cues to remind participants of the long-term effects of regular exercise and of excessive sedentary behavior might boost exercise adherence. Alternatively, supplementing exercise training with cognitive training to promote executive functions might be beneficial (41) . The addition of such strategies might especially help those with diminished executive function or lPFC atrophy. Importantly, the findings also have implications for understanding changes in health behavior with advanced age. lPFC is susceptible to age-related atrophy (15) , which might lead to more impulsive, habit-based decisions regarding health behavior among older adults. Thus, more intensive strategies to promote exercise (eg, home-based exercise programs combined with incentives) might be required to engage older adults in exercise compared to their younger peers. Note: Covariates include age, intracranial volume, timed-up-and-go, Geriatric Depression Scale, Physical Activity Scale for the Elderly, and study (EX-CEL vs POWER). 
